Introduction
T issue engineering applications designed to achieve functional tissue replacements often require coculturing of several cell types harboring regenerative potential in the same or nearby physiological niches. 1, 2 Understanding the growth dynamics of such cocultures, which is manifested in varying growth rates during the culturing period, is crucial for directing the population of interest toward a desirable regenerative process. [3] [4] [5] A number of ''environmental'' factors, independent of the cocultured cells but able to influence their growth rates, will eventually control their population dynamics. Factors such as cell seeding densities, seeding ratios, and medium composition, not only affect the growth rates of the cocultured cells themselves but may also change the way cells affect each other. 6 Complex and important cocultures of this sort, made from simultaneously 7, 8 or sequentially seeded 9,10 mesenchymal stem cells (MSCs) and endothelial cells (ECs), have been widely investigated for their pivotal regenerative potential to support a variety of cardiovascular applications in tissue engineering. MSCs cocultured with ECs were found to exhibit strong pro-angiogenic and vasculogenic effects that were associated with their ability to stabilize the formation of tubular vascular-like structures both in vitro 9, 11 and in vivo. 12, 13 MSCs were also shown, under certain in-vitro conditions, to trans-differentiate into ECs, [14] [15] [16] further reaffirming their in-vivo association. However, despite the ample literature reporting EC and stem cell cocultures, 3, 5, 17, 18 no comprehensive investigation has explored and quantified their population dynamics, let alone investigated them together in a unifying model addressing the several factors influencing cell growth. Consequently, coculturing conditions such as medium composition, seeding densities, and ratios have been arbitrarily selected 9, 18 or based on narrow 1 optimizations 8 that were reported without detailed reasoning. Since blood supply of tissue constructs exceeding the diffusion barrier remains a critical problem, 19 shedding new light on the coculture dynamics of MSCs and ECs, two key players in angiogenesis and vasculogenesis, 20 should prove beneficial in cardiovascular applications.
Therefore, to guide ECs-MSCs or any other cocultured cells toward specific regenerative directions, favoring one cell over the other, an effort must be made to determine the effect of the culturing conditions on the population dynamics using a comprehensive mathematical model. Having a model at hand, able to predict coculture behavior under different initial conditions, may not only save valuable optimization time, but is also likely to provide insightful information on the mutual effects exerted by the cocultured cells. Such a model can be used to deduce quantitative measures that can be directly implemented in tissue engineering applications, sparing laborious educated guessing, which is mostly based on qualitative information that is widely reported, yet hardly comprehensive.
In this study, we established a two-dimensional (2D) coculture system of bone-marrow-derived MSCs and human umbilical vein endothelial cells (HUVECs), and determined the effect of medium composition, cell seeding density, and ratio on the growth and viability of the single-cultured and cocultured cells. We found that the Lotka-Volterra model, commonly used in population studies to describe the dynamics of two species (prey and predator) sharing a closed ecological niche, 21 can be modified to fit complex mammalian coculture systems. Accordingly, the Lotka-Volterra model was modified to account for the different metabolic rates of the cocultured cells and address the appropriate boundary conditions, which were set based on the initial seeding densities and ratios. This action allowed us to quantify the effect that culturing conditions might have on the way cell growth is inhibited or induced by the same cell type (selfeffect) or by the other type (other-effect) in the coculture. This unique implementation of the Lotka-Volterra model on EC-MSC cocultures, which can be widely used in cardiovascular applications, may also be regarded as a roadmap for using such models with other potentially regenerative cells in various applications.
Materials and Methods

Cells and medium
Human bone marrow mesenchymal stem cells and HUVECs (LonzaÔ, Basel, Switzerland) were cultured using two types of media and their combinations: complete Lonza endothelial growth medium-2 (EGM-2)Ô, HUVEC-designated medium according to the literature 6, 22 ; and complete aMEM (minimum essential medium Eagle, alpha modification; Sigma-AldrichÔ, St. Louis, MO), MSC-designated medium according to the literature, [23] [24] [25] [26] supplemented with 10% Gibco Ò fetal bovine serum (FBS), 1% L-glutamine, 5 ng/mL basic fibroblast growth factor, and 1% antibiotic-antimycotic (InvitrogenÔ, Carlsbad, CA). All medium combinations are per volume of the complete medium. Media were replaced at least every 2 days. All tissue culture plates were treated with 0.1% gelatin (Sigma-Aldrich) in phosphate buffered saline (PBS) for at least 6 h at 37°C. Cells were cultured at 37°C in a humidified incubator with 5% CO 2 .
Determining cell number and viability
Culture viability was determined using the AlamarBlueÔ reagent (Invitrogen) according to the manufacturer's protocol, 27 and as published before, 28 using a Varioskan Flash spectral scanning multimode reader (Thermo-Fisher Scientific, Waltham, MA). AlamarBlue fluorescence intensities (FIs) were determined as measures of culture viability or converted to cell numbers (when applicable) using standard calibration curves under the same conditions.
The basal growth and metabolic rates of MSCs and HUVECs in various medium compositions MSCs and HUVECs were seeded (5000 cells/well) in 24-well plates (NUNC Ò , Roskilde, Denmark) and cultured for 7 days in six combinations of complete MSC-and HUVEC-designated media: 100% aMEM, 80% aMEM + 20% EGM-2, 60% aMEM + 40% EGM-2, 40% aMEM + 60% EGM-2, 20% aMEM + 80% EGM-2, and 100% EGM-2. Cell numbers were determined using AlamarBlue. The cell growth rates, under each medium composition, were derived from their exponential growth phases with R 2 > 0.95. Cell metabolic rates were obtained as the AlamarBlue FI (per thousand cells) at the time of seeding-that is, the theoretical values elucidated from the intercept of the exponential growth curves with confidence levels larger than 99.99%.
Population dynamics of MSC and HUVEC cocultures
For coculture studies, MSCs and HUVECs were mixed into nine different ratios (5:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4, and 1:5) and seeded for a total density of 9000 cells/cm 2 in 96-well plates (NUNC). Cells were cultured for 7 days in three medium compositions: complete aMEM, complete EGM-2, and a 1:1 mix (v/v) of the above media. Coculture viability was measured daily using AlamarBlue. However, since the two cell types in our cocultures have different metabolic rates (e MSC se HUVEC ), their AlamarBlue readings (as raw FI values) cannot be correlated directly to population sizes (cell numbers) but only presented as measures of viability. 29 Further analysis was conducted by fitting the viability data onto the Lotka-Volterra model, which is commonly used in population studies to describe the dynamics of prey-and-predator species. 23, 24 This unique implementation of the model, which is described in detail in the Supplementary Material: Part A (Supplementary Data are available online at www.liebertpub .com/tea), takes into account the different metabolic rates and can thus estimate the size of the different populations. Using this model, the population dynamics of two species (e.g., MSCs and HUVECs) sharing a closed ecological niche is governed by their basal growth rates (m) and two additional parameters K and L for each species. Accordingly, the coefficients K i and L i describe the ''self-effect'' and the ''other-effect'' on the growth rate of cell type ''i,'' respectively. For example, negative K values for MSCs (K MSC < 0) indicates that MSC growth is inhibited by the MSCs themselves, while a positive L value for HUVECs (L HUVEC > 0) indicates that HUVEC growth is encouraged by the MSCs in the coculture.
Phenotypic properties of cocultured MSCs and HUVECs
The expression of common MSC and HUVEC markers (CD105 and CD44) and HUVEC markers (CD31 and von 1156 WANG ET AL.
Willebrand factor [vWF]) was studied for MSCs, HUVECs, and 1:1 MSC and HUVEC cocultures. Cells were seeded in 10 cm tissue culture plates (9000 cells/cm 2 ), cultured for 7 days in complete EGM-2 (shown to best support both cell types), harvested, washed with PBS, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS and analyzed according to Santa Cruz Biotechnology flow cytometry protocol. 30 Briefly, permeabilized cells were incubated with primary antibodies: rabbit anti-human CD31 (1:50; Santa Cruz, CA), rabbit anti-human vWF (1:50; Santa Cruz), rat anti-human CD44 (1:50; BioLegend, San Diego, CA), and mouse anti-human CD105 (1:50; BD Biosciences, Franklin Lakes, NJ). Cells were then conjugated with fluorescently labeled (fluorescein isothiocyanate or phycoerythrin) secondary antibodies (1:50; Santa Cruz), acquired using the Guava easyCyte 6HT/2L System (Millipore, Billerica, MA), and analyzed using FlowJoÔ flow cytometry analysis software (Tree Star Inc., Ashland, OR).
Population dynamics of MSC and HUVEC cocultures under low seeding densities
The final proportion of each subpopulation in the LotkaVolterra model is affected not only by the culturing time and initial seeding ratios but also by the absolute population size at seeding time as well. To prove that our theoretical outcome agrees with the de facto behavior of the system, the population dynamics of MSC and HUVEC cocultures were studied using low seeding densities. MSCs, HUVECs, and 1:1 cocultures were seeded on 10 cm tissue culture plates at low initial densities (500 cells/cm 2 ) and cultured in complete EGM-2 for 7 days. Before seeding, MSCs were labeled with fluorescent membrane tracker DiI (Invitrogen) according to the manufacturer's protocol. 31 To evaluate population size, 7-day-old cocultures were followed up by flow cytometry (Millipore-GuavaÔ), fluorescent microscopy, and light contrast microscopy (DIC) using ECLIPSE Ti microscope (Nikon Instruments Inc., Melville, NY).
Effects of seeding density and medium volume on the population dynamics of MSC and HUVEC cocultures
HUVECs and MSCs mixed in a 1:1 ratio were seeded on tissue culture plates with different culture areas (NUNC; 12, 24, and 48 wells) to achieve three seeding densities: 1000, 1500, and 3000 cells/cm 2 . The total number of cells per well was maintained constant. Cells were then cultured for up to 7 days in either 1 or 0.2 mL of complete EGM-2 that was replenished daily; their viability was evaluated using AlamarBlue.
Population dynamics of HUVEC and MSC cocultures on 3D scaffolds
Cylindrical slices of decellularized porcine cardiac leftventricle extracellular matrix (ECM) (0.3 cm thick with a surface area of 0.5 cm 2 ) were obtained, placed in 96-well low binding plates (NUNC), and re-seeded as previously reported by us. 26 For simultaneous cocultures, a total number of 300,000 HUVECs, MSCs, or a 1:1 mixture of the two were prepared in 40 mL complete EGM-2 and seeded on top of each ECM slice. The cells were allowed to attach for 90 min in culturing conditions, followed by a brief wash with PBS. Seeded ECM slices were then transferred to 24-well low binding plates (1 slice/well) and cultured in complete EGM-2 for 14 days. In sequential coculture, 150,000 MSCs were first seeded on the ECM slices (as described above) and cultured for 7 days, following which 150,000 HUVECs were seeded ''on top'' of the MSCs and cultured for an additional 7 days. Cell viability was determined using AlamarBlue and translated into cell numbers according to standard calibration curves for each cell type grown on the same substrate.
Statistical analysis
Results are expressed as mean -SD (n ‡ 3). Statistical significance in the differences of the means was evaluated by a two-sided t-test. Analysis of variance was used to test the statistical significance of differences among groups. For results derived from fitted correlations, a correlation coefficient of R 2 > 0.95 was required to include the results into our analysis. Coefficients resulting from nonlinear correlation are presented without standard deviation and only if they reflect an effect with p < 0.01. Model errors are presented as confidence intervals on the Supplementary Data.
Results
The basal growth rates and metabolic rates of MSCs and HUVECs under various media
Medium composition had no effect on the growth rates of MSCs (Fig. 1a) , which exhibited an average basal growth rate of 0.77 -0.05 [ 1 / day ] that remained higher than HUVEC growth rates under all medium compositions. HUVECs, on the other hand, were significantly affected by medium composition ( p < 0.001) and exhibited no growth under 100% aMEM, but a significant increase in growth rates under 20%-100% EGM-2. The metabolic rates of both cell types increased ( p < 0.001) as the EGM-2 proportion increased, with HUVECs exhibiting higher values than MSCs in all medium compositions (Fig. 1b) .
The population dynamics of MSC and HUVEC cocultures under various media
MSCs did not exhibit a significant self-effect (Fig. 2a) ). After elucidating the model coefficients (i.e., K and L) for each cell type under each medium composition, we simulated the size of each population. The simulation is demonstrated for initial seeding density of 3000 cells per well (in a 96-well plate) using a 1:1 MSC to HUVEC ratio grown for 7 days in the complete MSC-designated medium (Fig. 2c), a 1:1 mix (Fig. 2d) and the complete HUVEC-designated medium (Fig. 2e) .
Phenotypic properties of MSCs and HUVECs cocultured in the HUVEC-designated medium
MSCs expressed common MSC and HUVEC markers (CD105 and CD44), but not the unique HUVEC markers (CD31 and vWF; Fig. 3a) . HUVECs, as expected, expressed all four markers (Fig. 3b) . The expression profiles of 7-day 1:1 MSC and HUVEC cocultures were identical to those of HUVECs alone (Fig. 3c) .
Population dynamics of MSC and HUVEC cocultures under low seeding densities
MSCs (fluorescently labeled with DiI), HUVECs, and a 1:1 MSC and HUVEC coculture were seeded at much lower densities than before (300 cells/cm complete HUVEC medium, and analyzed by fluorescence activated cell sorting (FACS). DiI labeling integrity was validated as described in detail in the Supplementary Material: Part B. Figure 4a shows two distinct populations (in terms of DiI labeling) when overlaying the results for unlabeled HUVECs and DiI-labeled MSCs that were cultured separately for 7 days. However, analysis of the 7-day coculture ( Fig. 4b) revealed only one population with 56% DiIpositive cells. Dividing the ratio of DiI-positive cells in the coculture (Fig. 4b, 56% ) by the ratio of DiI-positive cells in the control samples (DiI-stained MSCs, Fig. 4a, 85% ) produces a normalized ratio of 66% MSCs in the coculture after 7 days. This fraction of MSCs in the coculture (66%) agrees strikingly with the MSC proportion anticipated by the model with low seeding densities (71%). Based on the model, the derived MSC and HUVEC populations on day 7 have 15,000 and 6000 cells, respectively (Fig. 4c) . Supporting images of the same low-density cocultures, after 7 days, also reveal a much larger proportion of DiI-labeled MSCs (Fig. 4d) than the one previously observed in high-density seeded cocultures.
Effects of seeding density and medium volume on the population dynamics of MSC and HUVEC cocultures
Coculture growth rates were found to be inversely proportional to the seeding densities in both high (Fig. 5a ) and low medium volumes (Fig. 5b) , excluding the high-density seeded cells, showing almost no growth under low medium volume.
The growth of HUVEC and MSC cocultures on 3D scaffolds
No variations were found in the population sizes between separately and simultaneously cocultured cells ( p > 0.05) grown on complex 3D porcine cardiac extracellular matrix scaffolds that decreased until day 4, from which point they remained constant (Fig. 6a) . However, in the sequential coculture, where HUVECs were seeded on top of MSCs, significant growth ( p < 0.01) of more than twofold was observed on the following 7 days (Fig. 6b) .
Discussion
Cocultures of two or more cell types are frequently used in tissue engineering to initiate or support certain regenerative processes. 20 Out of many different combinations of cells possessing regenerative potential, EC and MSC cocultures are among the most investigated for cardiovascular applications. 9, 18 As recently discovered, when cocultured with ECs, MSCs exhibit the ability to actively interact with and support the formation of vascular tubular arrays. 9, 14, 20, 32, 33 Despite their popularity, however, the population dynamics of EC-MSC cocultures are still unclear. 17 The factors governing these dynamics have not been thoroughly quantified even in respect to the most fundamental effectors such as medium composition, seeding density, and cell seeding ratios, let alone in a comprehensive model that combines two or more of the above effectors.
When cocultured together, most literary publications report the use of either complete HVUEC 9, 34 or MSC media 20 to support both cell types grown in the same niche. These media, commonly used without detailed reasoning and explanation, are not necessarily optimal for all coculture applications. Therefore, and in order to guide the cocultured populations toward a desirable regenerative direction, an effort must be made to understand and quantify the effect of many factors on single and cocultured cells. Most importantly, factors such as the seeding density and ratios, making up the model boundary conditions, as well as the medium composition, not only affect the cells themselves but also change the way the cells affect each other. Moreover, in order to estimate the size of each subpopulation, any applied model should resolve the term ''viability,'' which is commonly used instead of cell number, 35 as the AlamarBlue measurements of the cocultured cells cannot be resolved to reflect on the cell number of each component separately. 36 In light of the substantial therapeutic potential associated with cocultures of this sort, and due to the difficulties in analyzing such complex systems, often with limited success, 17 ,37 a comprehensive mathematical model, which can provide quantitative analysis and reliable prediction of coculture behavior, is required to facilitate future applications. Interestingly, taking cell seeding density and ratios into account, we found that the Lotka-Volterra model was highly correlated with our empirical coculture viability data. The Lotka-Volterra model is regularly used in population studies to describe the dynamics of two species, often regarded as prey and predator sharing the same ecological niche and exerting mutual effects. 21 Beyond using the initial seeding densities and ratios as boundary conditions, the model was modified to include the cells' metabolic rates, elucidated from single cultures, which were used to ''translate'' the raw viability data into cell numbers reflecting the populations' sizes. According to this model, two effects are defined for each species (e.g., MSCs or HUVECs), the ''self-effect'' that one species exerts upon itself and the ''other-effect'' FIG. 5. Seeding density effect on coculture growth. The overall average viability of cells seeded 1:1 (HUVEC-to-MSC) on plates with different culturing areas to achieve three seeding densities: LOW: 1000, MED: 1500, and HIGH: 3000 cells/cm 2 and grown for 7 days in 1 (a) or 0.2 mL (b) media that were replenished every day. FI, fluorescence intensity.
according to which one species is affected by the other. This model, which has never been applied to human cells, was used previously to describe interactions within different microbial and mammalian cells, 38, 39 and can probably be extended to other coculture systems harboring regenerative potential.
Fitting the Lotka-Volterra model to our data reveals that HUVECs exerted an inhibitory self-effect under all medium compositions, especially in non-HUVEC-designated media while MSCs exhibited no self-effect. These results agree with the ''stemmy,'' immortal, and high-proliferative nature of MSCs, which are supposed to populate their target niche with minimal self-effect while being more influenced by their surroundings, leading them to their final differentiated state. 40 HUVECs, on the other hand, are expected to be selfinhibited in low vascular endothelial growth factor concentrations, 41 so as not to overgrow and hamper the monolayer morphology of the vascular intima. 42 As for the other-effect, MSC growth was unaffected by HUVECs in both the HU-VEC-designated medium and the 1:1 mix, which observation can be also attributed to their ''stemmy'' nature. However and rather surprisingly, MSCs were inhibited by HUVECs in MSC-designated medium; nevertheless, they were eventually shown to dominate the coculture owing to their much higher basal growth rate. The growth rate of HUVECs, on the other hand, was increased by MSCs in both the HUVECdesignated medium and the 1:1 mix, which phenomenon can be attributed to MSCs regulatory effect over ECs. 9, 34 In accordance with the model predictions, FACS analysis of densely seeded cells, cocultured (1:1) for 7 days under a complete HUVEC medium, revealed a population that was entirely dominated by cells expressing all HUVEC markers with no apparent traces of MSCs. Unlike the separately cultured cells, which maintained their original markers, MSCs seemed to disappear when cocultured with HUVECs under these conditions. Microscopy imaging of fluorescently labeled MSCs, separately cultured and cocultured with HUVECs (Supplementary Material: Part C), further supports MSC depletion rather than MSC trans-differentiation, which is unlikely to occur within a short period of 7 days. 15, 20 Though the exact mechanism causing this effect is poorly understood, 37 these counterintuitive results were predicted by the model presented herein, and further substantiate its validity.
Being able to measure how the medium composition changes the self-and other-effects, and given the initial seeding density and ratios, being able to predict the size of each subpopulation along the coculturing period does away with the need for costly optimizations. Yet, it remains clear that for most biomedical purposes, ECs-MSCs will still be applied on complex 3D substrates 9, 20, 32, 33 that by geometry alone may change the population dynamics from what is seen on standard 2D tissue culture plates. 34 However, as important as they may be, the substrate material and geometry are not the sole factors governing the population dynamics. 17 Other equally important factors, such as the ones addressed here, also affect the population dynamics on a variety of substrates. 33, 34 Therefore, we believe that optimizing these factors under standard conditions can serve as valuable reference points for more complex substrates.
To further validate our model, a second batch of cocultures were attempted with 95% lower seeding densities, analyzed, and compared to the model predictions. FACS analysis and microscopy imaging of separately and cocultured cells revealed a striking agreement between the final proportion of MSCs, determined by flow cytometry (66%), and the one predicted by the model (71%). The same MSCs that were shown before to vanish from densely seeded cocultures were found to dominate cocultures seeded in low densities. These entirely different dynamics, exhibited by cells cocultured under different seeding densities, can be attributed to the distance effect on the migration and crosstalk between cells, which are largely affected by the short half-life of the chemokines that mediate such interactions. 32 While maintaining the same medium volume and total cell number, an inverse correlation was found between the seeding density and the growth rate. Apart from the high density-seeded cells, which probably suffered stress under a low medium volume, a similar inverse proportion was also found between the growth rate and the medium volumeimplying an inhibitory effect due to dilution of growth enhancing soluble factors. Our results so far, demonstrating that a more concentrated paracrine effect with less physical interaction leads to higher growth rates, may also correspond with physiological conditions in which the two cell types are physically separated by semipermeable buffers such as the blood vessel ECM and others. 32 Preliminary cocultures were also attempted on a complex 3D substrate made of porcine left-ventricle cardiac acellular ECM that was previously suggested as a promising scaffold for tissue engineering 43 and that is widely investigated in our group for cardiac regeneration therapies. 26, 44 Our results so far demonstrate that on such highly geometrically and chemically complex material, the order of seeding is also of highly significant. Whereas some cell survival was observed with separately cultured or simultaneously cocultured cells, only a sequential coculture of MSCs topped up with HUVECs exhibited significant growth. These results may suggest that on such scaffolds, MSCs not only support HUVEC growth but are also required to prepare the physiological niche before HUVEC establishment, probably by rearranging the ECM and providing the HUVECs with better ''docking sites. '' 5 Other interesting and important mathematical models were reported in the literature to describe the dynamic growth of MSCs or embryonic stem cells. Tabatabai et al. applied a hyperbolastic growth model to explain the low proliferation of MSCs under osteonecrotic conditions. 45 Though cell renewal, differentiation, and proliferation were taken into consideration in this model, external factors such as nutrients, space, and interaction with other cell types, were not included. Some of these external factors affecting MSC growth were accounted for in earlier studies using population-balancing modeling, although in 2D conditions and monocultures only. 46 To the best of our knowledge, here we present the first study that models the population dynamics of MSC-EC cocultures in a comprehensive manner taking both cellular and environmental factors into account, on both simple and complex substrates. After resolving the macro properties affecting coculture growth, our results definitely merit further research into the effect of the biochemical properties of the substrate that were shown to alter coculture dynamics as well. 47 In conclusion, based on our studies in standard conditions, HUVECs and MSCs under coculture conditions were shown to exhibit competitive prey-and-predator behavior with substantial mutual effects that were largely affected by the medium composition. By applying the Lotka-Volterra model for such systems, the effects of culturing parameters on the population dynamics can be understood and predicted in, but not limited to, a 2D environment. The elucidated and now quantified relations between the culturing condition and the cells' mutual interactions may not only serve as an insightful guideline for 3D studies but is likely to enhance the research into the underlying mechanism governing population dynamics, which may be applied in numerous applications in regenerative medicine.
